I. Introduction
R EFRACTORY transition-metal borides, carbides, and nitrides are candidates for applications that require hardness and wear resistance, especially at elevated temperatures. One of the attractive systems, by virtue of the stability and hardness of the constituents, is the TiN-TiB 2 system, which is the focus of the present work. Titanium-based ceramics (borides, carbides, and nitrides) are an outstanding group of refractory materials with high hardness, elastic modulus, and abrasion resistance, good hightemperature strength, and moderate high-temperature oxidation resistance. Titanium-based ceramics possess good electrical and thermal conductivity compared with those of alloyed metals; thus, they can be electrical discharge machined. Because the melting temperatures of TiN and TiB 2 are extremely high, pressureless sintering of these materials, in monolithic and composite form, requires high temperatures. High-temperature sintering studies that have yielded moderate to high relative densities include those of Shobu and Watanabe 1 on Ti(C 0 . 5 N 0i5 )-30% TiB 2 , Ti(C os N os )-60% TiB,, and TiN-30% TiB-, composites at 1900°C, Watanabe et air on Ti(CN)~30% TiB^ at l700°-2000°C, Shobu et al. 3 on hot pressing of TiN-(20%-80%) TiB 2 at 1800°-1850°C, and Graziani et al 4 on hot pressing and sintering of TiN-20% TiB-, with 1-1.5 wt% nickel at 1700°-2150°C.
To circumvent the high sintering temperatures needed, reactive processing methods have been evolved to enable the achievement; of high density at reasonable temperatures. Zhang and co-workers as an additive. In the latter case, the reaction kinetics showed the formation of TiN at 1000°C, TiB 2 at 1200°C, and the reaction completing at 1600°C to yield a stoichiometric mixture of TiN and TiB 2 . The composites hot-pressed at 1850°C under 30 MPa for 30 min without nickel showed 98% relative density (RD), whereas the addition of 1 wt% nickel increased the RD to 99.9% and further addition of nickel (2 wt%) appeared to decrease the RD to 99.2%, Tomoshige et al. 7 produced TiB 2 -TiN (10-60 mol% TiN) composites by combustion synthesis using titanium, boron, and BN powders. Lee et «/. 8 used field activation to produce nanocrystalline TiB 2 -TiN composite starting with titanium, boron, and BN powders followed by densification up to 90%-97% RD.
The reactive hot pressing of titanium and BN mixtures with substantial nickel additions has been studied by several processes, including thermal explosion and high-pressure consolidation.
9 "" The 3Ti-2BN blends with the stoichiometric ratio for full conversion to TiN and TiB 2 , treated at 11()()°C, showed incomplete reaction, and compositions with nickel addition showed very fine microstructures of TiN and TiB 2 , with substantial amounts of nickel and Ni 3 Ti. The significant densification of such a stoichiometric blend with large amounts of nickel at 1200°C for 20 h resulted in full conversion of reactants to products with final RDof -92%, but with substantially decreased hardness, compared with the metal-free composite, because of the large amount of retained nickel. High RD values (99%) were obtained when pressureassisted thermal explosion at 1 ()()()"-! 1()0"C was used. The morphology of the phases siiowed that TiN was most probably formed by interfacial reaction between BN and liquid Tl,Ni, whereas TiB, was formed by a dissolution and reprecipilation mechanism.
Our point of departure is to address the relative luck of attention paid to the conditions muter which a predominantly ceramic composition can be produced by simple hot pressing, i.e., in the absence of explosions and high pressure, and also with the least addition of nickel, which otherwise is deleterious to the hardness of the composite. In the presence of nickel, transient liquid phases can persist below the melting point of nickel because of the presence of deep eutectics in the Ni™Ti system. Such a liquid is undoubtedly the cause of rapid densification and reaction when large amounts (25-30 wt%) of nickel we added. However, the situation can be markedly different when this amount is decreased to -1%. The present investigation accordingly has been undertaken to establish the conditions for reaction kinetics and mechanisms of densificalion in stoichiomelric mixtures of titanium and BN.
II. Experimental Procedures
The TiN-TiBi composite was produced by the reactive pressing of titanium and BN powders using the reaction 3Ti + 2BN-»2TiN+TiB,. (1) Materials and Process The raw materials used were titanium powder ~99.5% pure and particle size -10-15 p,m (SPMS Powder Metal, France), BN powder -99.5% pure and particle size ~5 (Jim (Alpha Chemicals, India), and nickel powder -99.5% pure and particle size -4 pirn (INCO, London, U.K.). The required amounts of titanium and BN powders (74.32 and 25.68 wt%) were mixed in a centrifugal ball mill (Model Pulverisette 6, Fritsch, Oberstein, Germany) for 24 h in hexane medium. The mixing was conducted at a ball:powder ratio of 10:1. The powder mixtures were dried at -100°C for ~5 h. Powder mixtures with various amounts of nickel also were prepared. The dried powder mixtures were hot-pressed in a high-density graphite die (internal diameter 25-30 mm and height 70 mm). To avoid direct contact between the powder and the die/punch assembly, flexible graphite sheet (0.2 mm thick) was used. The RHP experiments were conducted in a vacuum hot press (Materials Research Furnaces, Suncook, NH).
A typical reactive hot-pressing experiment involved the following steps. After the furnace was evacuated to 5 X 10~3 torr (6.5 mPa), the samples were heated to 300°C at 5°C/min, held for 30 min to remove gases present on the surface of the particles, and heated to 700°C at 6°C/min and held for 10 min. The samples were finally heated to the required temperature at 10°C/min and held for various times (1-30 min). The pressure of 40 MPa was usually applied within 15 min before reaching the final temperature, held for the required time, and released after 5 min during the cooling cycle. Oil pressure of 532-745 lb/in.
2 (3.67-5.14 MPa) was generated to apply 40 MPa pressure on the sample. The assembly was cooled at 10°C/min. Typical time-temperature and timepressure cycles are shown in Fig. 1 .
Most of the experiments were conducted in the temperature range 1400°-1850°C for 30 min with and without nickel addition. The application of pressure was started at 1200°C and required pressure (40 MPa) reached in 15 min. The effect of an early application of pressure and nickel addition on the reaction kinetics and densification in the RHP experiments was studied in the temperature range 1100°-1475°C for 1-30 min. In these latter experiments, the application of pressure was started at 950°C and required pressure (40 MPa) reached in 15 min.
(2) Characterization
The top and bottom surfaces of reactive hot-pressed composites were ground and polished using SiC abrasive paper and diamond paste down to 1 jxm, followed by ultrasonic cleaning with alcohol. X-ray diffraction (XRD) patterns were recorded (Philips, Eindhoven, The Netherlands), using Cu&Ta radiation with a graphite monochromator in the diffracted beam and a reflection geometry to identity phases present and determine the lattice parameter of TiN in the composite. Density and porosity measurements were conducted using the Archimedes method after boiling the samples in water for 1 h and cooling to room temperature. Vickers hardness measurements (Model HSV-20, Shimadzu Co., Kyoto, Japan) were performed on a tester at a test load of 500 g (4.9 N) and a holding period of 15 s. An average of 10-15 readings was taken for each reported value. The indentation fracture toughness was determined by measuring the radial crack lengths on samples at a test load of 10-20 kgs (98-196 N) . The equation derived by Niihara et al 12 was used to calculate the fracture toughness (K IC ) of the composite. Microstructural observations of polished surfaces were made using optical microscopy and scanning electron microscopy (SEM; Model 440i, LEO Electron Microscopy, Fort Cambridge, U.K.) with energy-dispersive X-ray analysis (EDAX).
DI. Results
Initially, the results on the composites produced with and without nickel addition in the temperature range 1400°-1850°C for 1-30 min are presented. The role of nickel addition and effect of pressure application at lower temperature in the temperature range 1100°-1475°C for 1 min are described later. The experimental conditions and properties of the composites are presented in Table I .
(1) High-Temperature Densification (1400 a -1850°C) The XRD patterns of the pressed surface of the composites without nickel addition produced at 40 MPa and 1400°-1850°C for 30 min are shown in Fig. 2 . At 1400°C, the strong peaks of TiN and TiB 2 with a weak signal of the BN 100% peak are evident. However, the BN peak does not appear on the surface parallel to the loading direction. The appearance of BN at the surface of the pellet may be due to the loss of some titanium in reaction with the graphite die. Density of the composite produced at 1400°C is only 78.5% RD. At ~ 1600°C, the reaction is completed and the density is 89% RD. The samples show an improvement of density as the temperature increases: 78.5% at 1400°C to 98.2% at 1850°C (Table I ).
The addition of 1% nickel helps in the improvement of density to 97% (1400°C for 30 min) and 99.5% (1600°C for 30 min). The density-temperature plots of the composites produced with 1% nickel and without nickel for 30 rnin are shown in Fig. 3 . The density of the composite with 1% nickel produced at 1600°C shows the increase in density from -96.5 to >99.5% as the time increases from 1 to 30 min. At 1400°C, the corresponding increase in density is from 93% (1 min) to 97% (30 min).
The variation of density as a function of nickel content of the composite produced at 1400° and 1600°C under 40 MPa for 30 min is shown in Fig. 4 . At 1400°C, the density increases from 78.5% to 97% with 1% nickel addition and does not improve with further addition of nickel (3%). At 1600°C, the density increases from 89% to 99.5% with 1% nickel, and further increase in nickel (3%) content decreases the density to 98%. The major role of nickel lies in its ability to complete densification by 1600°C andits impact at higher temperatures is marginal. Experiments conducted at 1400°C, which is lower than the melting point of nickel demonstrate the dramatic role of nickel in enhancing densification, The addition of nickel in quantities as small as 1% enables near-theoretical densities (99.5%) to be reached at temperatures as low as 1600°C. Such a material possesses a hardness as high as 24.5 GPa, which is comparable with the hardness achieved without nickel in samples of similar RD that are produced at 1750°-1850°C (Table I) . Typical optical micrographs of the composites produced without and with nickel at 1400°C for 30 min are shown in Fig. 5 . The addition of nickel shows substantial decrease ia porosity. Typical SEM micrographs of the composites with 1% and 3% nickel produced at 1600°C for 30 min are shown in Fig. 6 . Residual nickel is shown as bright particles that are located at interphase boundaries. TiN can form over a wide range of nonstoichiometric compositions with various N:Ti ratios. 13 The lattice parameter of TiN in composites without and with nickel addition is 4.2419-4.2439 A and 4.2439-4.2441 A, respectively, which is very close to the theoretical value 4.24193 A (Powder Diffraction File (PDF) No. 38-1420, International Centre for Diffraction Data, Newtown Square, PA). The lattice plane spacings are close to the values for monoliths of TiN and TiB, (PDF No. 35-0741) and are in agreement with those obtained by combustion synthesis. 7 These results indicate that stoichiometric TiN is produced in the composite (in solid-state reactions), unlike substoichiometric TiN in vapor-phase reactions. 13 
(2) Low-Temperature Densification (1100°-1475°C)
The results of reactive hot-pressing experiments at lower temperatures are now presented to understand the reaction kinetics and densification mechanisms involved. The role of nickel is not confined to aiding densification (Table II) , but also in promoting the reaction between titanium and BN. The reaction is completed at 1200°C with 1% nickel and at 1100°C with 3% nickel (XRD patterns in Fig. 7) . The presence of 1% nickel brings about a change in composite density from 86% to 97% when produced at 1200°-1475°C after 1 min and is higher than 78% density achieved at 1400°C after 30 min without nickel. Typical optical microstructural observations in samples containing 1% nickel reveal unreacted metallic phase at 1100°C for 1 min ( Fig. 8(a) ), whereas XRD observations indicate the presence of titanium. EDAX analyses in the SEM (Fig. 9 ) of regions optically identified as metallic in nature in the composite with 3% nickel (1100°C for 1 min) indicate the presence of intermetallic phases with compositions ranging from 27 to 88 at,% nickel. A clear beneficial effect of the application of pressure at low temperature is shown by the final density (Table HI) . Increasing the amount of nickel from 1% to 3% results in acceleration of the reaction and of densification up to 1400°C but leads to a marginally lower density at 1600°C; i.e., the maximum density achievable seems to decrease even though it increases during the earlier stages.
IV. Discussion
The role of nickel addition on reaction kinetics and densification of the composites have been presented. We now examine the above results in relation to the phase diagram of Ti-Ni and earlier reports on liquid-phase-assisted reactive hot pressing. The following trends are clear:
(1) Uptoandbelow 1600°C, nickel is beneficial in densification.
(2) The maximum density achieved below 1500°-1600°C does not reach theoretical density but falls short by ~3%, irrespective of the heating schedule used.
(3) Above 1600°C, the role of nickel is less significant. Fig. 9 . (a) SEM micrograph and (b) ED AX analysis of the composite with 3% nickel produced at 40 MPa and 1100°C for 1 min (load application was initiated at 950°C). Nickel-rich phase is evident.
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1) Effect of Nickel Addition on Reaction Kinetics and Densification
The Ni-Ti phase diagram 15 (Fig. 10) shows that, to obtain liquid phases in the powder mixture under equilibrium conditions. the metal content should be 12% (nickel) at 942°C. decreases to ~9% at 1200°C, but, in the present case, the amount of nickel is 1 wt% for the total mixture and 1.33 wt% with respect to titanium. Thus, for the formation of liquid under equilibrium conditions between the eutectic temperature and 1200°C, more thañ 90% of the titanium should have first reacted with BN in the solid state. Such a scenario is unlikely, given the dominant role of nickel in promoting further reaction as well as densification. Thus, it is concluded that the onset of the reaction (3Ti + 2BN -»• 2TiN + TiB 2 ) beyond 942°C leads to a local decrease of the Ti:Ni ratio in the vicinity of nickel particles, thereby leading to the formation of a low-temperature liquid. Such a liquid may then promote the dissolution of BN at a rate that is faster than that at which titanium from the solid particles diffuses into the liquid. Only then can the alloy composition be maintained sufficiently nickel-rich to remain partially molten and to continue its role in aiding sintering. Direct evidence for this lack of equilibrium has been presented in the simultaneous presence of solid phases with compositions that lie at opposite ends of the phase diagram (Fig. 10) . Such a liquid phase is transient and metastable and is in striking contrast with earlier reports 9 " 11 of liquid-phase-assisted processing in which substantial amounts of nickel have been added (>25%). Addition of 3% nickel increases the volume of liquid and the rates of both processes that are driven by dissolution (reaction and densification), as is experimentally observed (Fig. 7 and Tables II and HI) .
(2) Effect of Early Application of Pressure on Reaction Kinetics and Densification
The beneficial role of early application of pressure also can be understood by the increase in coverage of the liquid as it is squeezed into the interparticulate porosity. The inability to obtain full density below 1500°C is striking and suggests that, as the reaction proceeds, once the metallic composition approaches the liquidus composition on the nickel-rich end of the phase diagram, the volume fraction of liquid is insufficient to complete densification, and solid-state transport becomes essential; i.e., higher temperatures are needed, typically 1550°-1600°C. This slowing in densification beyond 97% also is witnessed with 1% and 3% nickel at 1475°C (Table IE ) and in the case where pressure is applied at a lower temperature; i.e., the measures that have been introduced to increase densification in the earlier stages fail below 1475°C, as expected, if the absence of sufficient volume fraction of liquid were the principal cause. A possible additional contributing factor is that molten nickel might not wet TiB 2 and TiN in the absence of titanium. Both these situations might be remedied by adding a small excess of titanium above the amount required for stoichiometric conversion of the BN to the ceramic products,
Microstructural observations and chemical analysis using SEM indicate that, as the reaction progresses, the nickel content of the metallic phase increases locally to form a nonequilibrium liquid phase that promotes further reaction and densification at temperatures as low as 1400°C (Fig. 8) . Thus, the sequence of events is envisaged to be as follows:
(1) The addition of a small quantity of nickel is able to form a low-temperature liquid with the neighboring titanium. This liquid phase squeezes between the particles and enhances reaction and densification by providing a high-diffusivity path, thus enabling the completion of the reaction at -~1200°C.
(2) An early application of pressure, i.e., at low temperatures (950°C) during heating, promotes a uniform distribution of liquid and the formation of interparticulate contacts, thereby promoting reaction and densification. (3) Even though the reaction is completed at lower temperature and substantial densification (-97%) is achieved at 1475°C, the final elimination of porosity requires higher temperatures (~1550°C) because of the gradual disappearance of the liquid and the need for solid-state diffusion within TiN and TiB 2 .
Atomic Percent Nickel
The hardness achieved can be classified in two regions. The maximum density (99.5%) and hardness (-24 GPa) achieved at 1600°C with 1% nickel addition are similar to that fabricated at 1850°C without nickel addition. Significantly high hardness (-22 GPa) has been achieved at 1400°C. Fracture toughness seems to be relatively insensitive to processing conditions once the relative density exceeds ~95%.
(3) Comparison with Earlier Work
Results of earlier work (literature) and present work are listed in Table IV . The temperature required for densification is high 1 " 4 when pure TiN and TiB 2 are used. Although the composites produced with larger amounts of nickel (23-25 at.%) and higher pressure during processing (-150 MPa) result in -92%-99% density, the times required are longer (-2-20 h), and their hardness is significantly lower (14-18 GPa).
"
11 The densities of the composites in the present work are similar to those obtained by Zhang et al. 6 when the hot-pressing temperature is 1850°C. Thus, the present study leads to the conclusion that the addition of a small amount nickel (-1 wt%) can help decrease the densification temperature to as low as 1600°C with a hardness of -24.5 GPa and fracture toughness of -6.5 MPa-m 1/2 .
V. Conclusions
The present detailed investigations on the reactive hot pressing of titanium and BN powder mixtures have led to the following conclusions.
(1) The reactive hot pressing of TiN-TiB 2 without nickel addition is successfully completed by reacting titanium and BN powder mixtures at 40 MPa in the temperature range 1400°-1850°C for 30 min.
(2) The reaction is complete without nickel at a temperature of 2=1600°C, but the density achieved is only 88.8%.
(3) The addition of 1 wt% nickel produces 99.5% dense composites at temperatures as low as 1600°C after 30 min. The hardness and fracture toughness of the composites are ~24 GPa and -6.5 MPa-m 1/2 , respectively. (4) The role of nickel appears to be the formation of a low-temperature liquid as the neighboring titanium reacts with BN. This liquid phase provides a high diffusivity path, which enables the completion of the reaction at a temperature as low as -1200°C.
(5) An early application of pressure during heating can bring about densities as high as 97% at a temperature as low as 1475°C. Even though the reaction is completed at a lower temperature and substantial densification is achieved at 1475°C, the final elimination of porosity requires higher temperature because of the gradual disappearance of the liquid and the need for solid-state diffusion within TiN and TiB 2 .
